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Abstrat. - Optial properties of two-dimensional massless Dira fermions are onsidered by the
formalism of pseudospin preession equations whih provides an easy and natural semiphenomeno-
logial way to inlude orrelation eets. It is shown that the latter are negligible, with the only
assumption that the system under onsideration is normal Fermi liquid. This result probably
explains reent experimental data on the universal optial ondutivity of graphene (Nair R. R.
et al, Siene 320 (2008) 1308).
The reent disovery of the rst purely two-dimensional
material, graphene [1, 2℄ and of its peuliar eletroni
spetrum with hiral massless harge arriers (Dira
fermions) [3, 4℄ lead to an explosion of sienti ativ-
ity (for review, see Refs. [57℄). Among other unique
properties of graphene, its universal optial ondutivity
is of speial interest. It was demonstrated experimentally
that visual transpareny of graphene is determined only
by the ne struture onstant [8℄ (the same universal opti-
al ondutivity has been observed for graphite [9℄). This
result is in agreement with the theory for noninterating
Dira fermions (see Refs. [10, 11℄ and referenes therein),
within an auray of 5%. However, this is a problem
sine, generally speaking, one ould expet an essential
many-body renormalization of the optial ondutivity. It
has been demonstrated before the disovery of graphene
that Coulomb interations modify drastially the prop-
erties of two-dimensional Dira fermions making them a
marginal Fermi liquid with strong logarithmi renormal-
ization of the Fermi veloity and related properties [12℄.
Reent expliit alulations [13, 14℄ result in orretions
to the frequeny-dependent ondutivity σ(ω) of order of
1/ ln (W/h¯ω) where W is a uto energy of the order of
the bandwidth. These orretions are for sure larger than
the experimental errors.
Atually, the relevane of orrelation eets in graphene
is still rather ontroversial. In partiular, diret measure-
ments of eletron ompressibility in graphene [15℄ do not
nd any essential dierene with the preditions of the
noninterating Fermi-gas model. At the same time, some
many-body features were observed in the infrared on-
dutivity [16℄. Theoretially, the problem seems to be
also rather ompliated. For example, taking into aount
ripples on graphene and related gauge elds [1719℄ an
drastially hange the piture of eletron-eletron intera-
tions [13, 20℄.
In this situation it seems reasonable to investigate the
problem semi-phenomenologially, in the spirit of the Lan-
dau Fermi liquid theory [2123℄. The appliability of this
theory to harge arriers in graphene is unlear now. How-
ever, in the urrent ontroversial situation it may be rea-
sonable to start from the answer. It will be shown here
that, in the framework of the Fermi liquid theory, the or-
relation renormalization of the optial ondutivity are al-
most anelled so that the experimental results [8℄ may
nd a natural explanation. This is not trivial sine, in
a standard situation, the Fermi liquid theory allows to
inlude all orrelation eets in the renormalization of pa-
rameters only for stati properties whereas at nite fre-
quenies essentially many-body eets an be expeted
[22, 23℄. Sine no alternative explanations are known yet
it may be a serious motivation for a deeper mirosopi
study whih would allow to justify the Fermi liquid the-
ory for graphene.
We will restrit ourselves to the model of Dira fermions
negleting valley and spin degrees of freedom. Then, the
eetive Hamiltonian for noninterating fermions in the
presene of a uniform time-dependent eletri eld E (t)
reads
H =
∑
p
Ψ†
p
(vpσ − ieE∇p)Ψp (1)
where v is the eletron veloity, p is the quasimomen-
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tum, σ = (σx, σy) are the Pauli matries, e is the ele-
tron harge, and Ψ†
p
=
(
ψ†
p1, ψ
†
p2
)
are eletron reation
operators depending on the pseudospin (sublattie) index
i = 1, 2; here and further h¯ = 1. The anonial transfor-
mation
ψp1 =
1√
2
(ξp1 + ξp2) ,
ψp2 =
exp (iφp)√
2
(ξp1 − ξp2) (2)
introdues the annihilation operators for the hole and ele-
tron states, ξp1, ξp2with the energies εp1,2 = ∓vp, respe-
tively, φp is the polar angle of the vetor p (for a detailed
disussion of the Hamiltonian and transformation see, e.g.,
Ref. [24℄). In the ollisionless limit the equation of motion
for the average density matrix ρp = Ψ
†
p
Ψp has the form
i
∂ 〈ρp〉
∂t
= 〈[H, ρp]〉 = vp 〈[σ, ρp]〉 − ieE (t)∇p 〈ρp〉 . (3)
Introduing salar (n) and pseudospin (m) densities by a
deomposition
〈ρp〉 = npI +mpσ (4)
where I is the two by two unit matrix, one has a set of
unoupled equations of motion,
i
∂np
∂t
= −ie (E·∇p)np, (5)
i
∂mp
∂t
= 2iv
(
p×m
p
)− ie (E·∇p)mp. (6)
Only the seond one is relevant for us sine the eletron
urrent does not depend on np:
j = 2ev
∑
p
mp. (7)
Further we will onsider only linear optial eets assum-
ing E (t) = E exp (−iωt) and using the linear approxima-
tion for mp =m
(0)
p + δmp exp (−iωt), δmp ∼ E.
At last, using the unitary transformation (2), we derive
m(0)
p
=
p
2p
(fp1 − fp2) (8)
where fpi =
〈
ξ†
piξpi
〉
are the Fermi funtions of the en-
ergies ∓vp. This vetor lies in the xy plane and there-
fore δmz is not oupled with the eletri eld. Exluding
δmz from Eq.(6) (further we will omit the subsript p for
brevity) we obtain
(
ω2 − 4v2p2y
)
δmx + 4v2pxpyδm
y = −ieωE∂m
x(0)
∂px
,
4v2pxpyδm
x +
(
ω2 − 4v2p2y
)
δmy = −ieωE∂m
y(0)
∂px
(9)
where we have hosen the diretion of x axis along the
eletri eld. After a straightforward transformations we
nd jx = σ (ω)E where the proportionality oeient,
that is, the optial ondutivity, equals
σ (ω) = −8ie
2v3
ω
∑
p
py
ω2 − 4v2p2
(
py
∂mx(0)
∂px
− px ∂m
y(0)
∂px
)
.
(10)
For the ase of zero doping and zero temperature, fp1 =
1, fp2 = 0 and we have a well-known result for univer-
sal, frequeny-independent optial ondutivity σ (ω) =
e2/16 = pie2/8h (per valley per spin) [811℄.
This method of derivation an be easily generalized on
the ase of interating eletrons in the Fermi liquid theory
approah. The only essential dierene with the standard
ase [22, 23℄ is that we have to work with the matrix dis-
tribution funtion 〈ρp〉.
The interation eets are taken into aount by the
replaement [H, δρp] → [H, δρp] +
[
δH, ρ
(0)
p
]
in the lin-
earized version of the equation of motion (3) where
δHp =
∑
p′
Fpp′ 〈δρp′〉 (11)
and Fpp′ is the (matrix) Landau interation funtion [21
23℄. For the ase under onsideration (zero doping and
zero temperature)
〈
ρ
(0)
p
〉
= −pσ2p .
Now we have to use symmetry onsiderations to spe-
ify the Landau funtion. First, F should be rotationally
invariant in the two-dimensional spae. Seond, due to in-
version and time-reversal symmetry, it annot ontain σz
matries [25℄. Third, it should vanish at p′ → 0 or p→ 0
sine eletron-eletron interations annot open the gap
without symmetry breaking [25℄. Thus, we have
Fpp′ = AI⊗I′+B (pσ)⊗(p′σ′)+C (pp′) (σx ⊗ σ′x + σy ⊗ σ′y)
(12)
where A, B, and C are some unknown funtions of
|p− p′|. In partiular, the long-range Coulomb (Hartree)
interation singular at small momentum transfer on-
tributes to the A funtion only. As for the exhange
interationsB and C one an assume that they are smooth
funtions whih an be expanded in powers of the momen-
tum transfer square. Substituting Eqs.(11) and (12) into
the equation of motion one nds:
ω2δmx − 4v2p2yδm˜x + 4v2pxpyδm˜y = −ieωE
∂mx(0)
∂px
,
4v2pxpyδm˜x + ω
2δmy − 4v2p2yδm˜y = −ieωE
∂my(0)
∂px
(13)
where δm˜ = δm+∆,
∆p =
1
vp
∑
p′
[Bpp′p (p
′δmp′) + Cpp′ (pp
′) δmp′ ] (14)
p-2
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ontains all orrelation eets. Eq.(13) is the analog of
Eq.(9), diering by the terms with ∆. The latter give an
additional ontribution to the urrent density whih an
be represented, after simple transformations, in the form
jcorrx = 8e
2v3
∑
p
py
ω2 − 4v2p2 (py∆
x − px∆y) (15)
Note that the terms with B funtion are exatly anelled
in the expression (15) and only the term proportional to
C an, in general, survive. However, it vanishes obviously
by symmetry if one assume C = const.
To nd the orrelation orretions to the optial on-
dutivity expliitly in a general ase one has to solve the
integral equations (13),(14). Fortunately, their frequeny
dependene an be found just analyzing perturbation ex-
pansion in the interation funtions B and C. One an
see (it is also obvious from physial onsiderations) that
any adsorption proesses require at least one real (and
not virtual) interband transition and, thus, either p or p′
should be equal to ω/2v (imaginary part of the fration in
Eq.(15) ontains the delta-funtion). The leading orrela-
tion terms just vanish as was disussed above.
The next terms of the expansion of C in (p− p′)2 should
be taken into aount whih gives, at least, one more power
of p in the integrand. As a result, jcorrx ∝ ω3 whih means,
in dimensionless units, (h¯ω/W )
3
. Indeed, sine the inter-
ation onstant in graphene e2/h¯v is of order unity, the
energy uto is the only relevant harateristi whih en-
ters the problem. This is smaller than the orretions to
the optial ondutivity beause of inauray of the Dira
Hamiltonian itself [11℄, whih are of order of (h¯ω/W )
2
.
Thus, the Fermi liquid interation ontributions to σ (ω)
are really negligible.
To onlude, experimental data [8℄, together with the
present analysis, seem to support the Fermi liquid piture
of harge arriers in graphene, against the marginal Fermi
liquid. The latter, aording to the alulations [13℄ pre-
dits many-body renormalization of the optial ondu-
tivity of order of 2/ ln (W/h¯ω), that is, of order of unity.
At the same time, our onsideration is purely phenomeno-
logial and mirosopi justiation of the Fermi liquid
piture for graphene is required.
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